Abstract Many patients with Parkinson's disease (PD) will develop cognitive impairment. Cross-sectional studies have shown that certain protein levels are altered in the cerebrospinal fluid (CSF) of PD patients with dementia and are thought to represent potential biomarkers of underlying pathogenesis. Recent studies suggest that CSF biomarker levels may be predictive of future risk of cognitive decline in non-demented PD patients. However, the strength of this evidence and difference between specific CSF biomarkers is not well delineated. We therefore performed a systematic review to assess if levels of specific CSF protein biomarkers are predictive of progression to cognitive impairment. Nine articles were identified that met inclusion criteria for the review. Findings from the review suggest a convergence of evidence that a low baseline Aβ42 in the CSF of non-demented PD patients predicts development of cognitive impairment over time. Conversely, there is limited evidence that CSF levels of tau, either total tau or phosphorylated tau, is a useful predictive biomarker. There are mixed results for other CSF biomarkers such as α-synuclein, Neurofilament light chain, and Heart fatty acid-binding protein. Overall the results of this review show that certain CSF biomarkers have better predictive ability to identify PD patients who are at risk for developing cognitive impairment. Given the interest in developing disease-modifying therapies, identifying this group will be important for clinical trials as initiation of therapy prior to the onset of cognitive decline is likely to be more efficacious.
Introduction
Cognitive impairment in Parkinson's disease (PD) is common and disabling (Hely et al. 2008) . In all comers with PD, the prevalence of dementia is 25 % (Aarsland et al. 2005) ; in patients who live more than 20 years with motor symptoms, the prevalence rises to 83 % (Reid et al. 2011) . However, many patients develop cognitive impairments that are less severe than those seen in patients with dementia. Therefore, the current clinical diagnosis is divided into PD-MCI (Parkinson's disease-Mild Cognitive Impairment) and PDD (Parkinson's disease dementia) (Table 1) (Litvan et al. 2012; Emre et al. 2007) . Surprisingly, many patients show these milder cognitive deficits very early in the disorder. Approximately 15-40 % of patients meet diagnostic criteria for PD-MCI at the time when motor symptoms start (Caviness et al. 2007; Yarnall et al. 2014; Aarsland et al. 2009) , and 3 years later over 50 % of non-demented patients will meet criteria for PD-MCI (Broeders et al. 2013a) . While most longitudinal studies have shown that patients first develop PD-MCI prior to the development of PDD, not all PD-MCI patients are destined to develop PDD (Kehagia et al. 2013; Williams-Gray et al. 2009; Robbins and Cools 2014) . In those who do convert to PDD, the conversion rate and risk factors predicting conversion are largely unknown (Broeders et al. 2013b) . This is in stark contrast to Alzheimer's disease (AD), where amnestic-MCI is a strong predictor of progression to dementia with a conversion rate of approximately 12 % a year (Fischer et al. 2007) .
In addition to uncertainty in predicting progression, the spectrum of cognitive dysfunction in PD is highly variable in its extent and severity and spans multiple cognitive domains affecting executive and visuospatial function, memory, language, attention and working memory (Caviness et al. 2007 ). This clinical variability in PD underscores a complex, and poorly understood, neuropathological process. An emerging theory is that cognitive dysfunction in PD may represent a heterogeneous collection of syndromes, each with distinct biological and genetic markers (Williams-Gray et al. 2009; Kehagia et al. 2010; Tachibana 2013; Nombela et al. 2014) . Whereas loss of dopaminergic neurons in the substantia nigra and aggregation of α-synuclein (α-syn) with the formation of Lewy bodies are the hallmarks of PD, there are likely multiple neurotransmitters and neural circuits involved in the development of cognitive symptoms (Halliday et al. 2014) . AD type changes, such as amyloid-beta (Aβ) plaques and tau tangle pathologies, are found in approximately 50 % of PDD patients at autopsy. Aβ plaques are extracellular deposits of abnormal Aβ peptide, and tau tangles are intracellular aggregates of the microtubule-associated protein tau that exhibit hyperphosphorylation and oxidative modifications. From the AD literature, it is thought that spontaneous aggregation and deposition of Aβ is the inciting event in a molecular cascade resulting in cognitive dysfunction (Mattson 2004) . These pathologies are found in brain regions involved in learning and memory, as well as behavioral regulation, and in AD these regions display reduced numbers of synapses and damaged neurites (DeKosky and Scheff 1990) . It is suggested that plaque and tangle deposition induces oxidative damage, impairs energy metabolism, and perturbs calcium homeostasis (Butterfield et al. 2001 ). The causal relationship between these AD type pathologies and PD cognitive impairment is not completely clear; however, Aβ plaques and tau tangles have been proposed to influence the spread of α-syn and rate of PD cognitive decline .
Early prediction of dementia risk in PD patients would be useful on multiple levels. Cognitively normal PD patients at high risk for developing impairment would be ideal candidates for research clinical trials of potentially disease- modifying therapies. Clinically, patients and family members would benefit from understanding an individual's risk of cognitive decline, as they plan for retirement and long-term care needs. Indeed, there is an emerging interest in developing biomarkers that accurately stratify patient risk, track cognitive changes over time, and monitor response to treatment. Given the proximity of cerebrospinal fluid (CSF) to the brain, CSF biomarkers have been investigated as representative of pathological changes of cognitive decline in other neurodegenerative disorders. Specifically in amnestic-MCI and AD, low CSF levels of Aβ and elevated levels of tau proteins, both total-tau (t-tau) and phosphorylated (p-tau), have been shown to predict progression of cognitive decline (Diniz et al. 2008) . Low Aβ in the CSF is thought to reflect increased deposition in neuritic plaques and perhaps alterations in CSF transport (Motter et al. 1995) . This has been supported by populationbased autopsy studies that found an inverse correlation between low concentrations of Aβ in the CSF and high numbers of plaques in the neocortex and hippocampus (Strozyk et al. 2003) . Conversely, tau levels are elevated in the CSF in AD patients, and the concentration of tau protein is thought to correlate with the intensity of neuronal damage (Blennow and Hampel 2003) . Given the notion that AD type changes may contribute to PDD, CSF levels of Aβ and tau have already been investigated in several cross-sectional studies investigating the relationship between these proteins and cognitive impairment in patients with PD. In non-demented PD patients, reduced CSF Aβ has been associated with cognitive impairment in phonemic fluency (Compta et al. 2009 ), verbal memory (Alves et al. 2010) , processing speed (Leverenz et al. 2011) , and visual memory (Yarnall et al. 2014) , although one study found no association on neuropsychological testing (Kang et al. 2013 ). Many of these same studies also looked at CSF tau levels and found normal or even decreased levels of CSF tau in PD patients without dementia (Kang et al. 2013; Yarnall et al. 2014; Alves et al. 2010) . When looking at cognitively impaired patients, the results have been inconsistent: some studies show mild to moderately increased t-tau levels in PDD patients compared to PD patients or healthy controls (B. Mollenhauer et al. 2006; Parnetti et al. 2008; Compta et al. 2009 ). In addition to Aβ and tau, CSF α-syn has been investigated as a possible marker of cognitive impairment in PD, since Lewy body pathology alone can be the sole pathology in PDD and CSF α-syn is thought to reflect Lewy body pathology in the brain of PD patients. With this in mind, several cross-sectional studies have investigated total α-syn and its other forms, such as oligomeric or phosphorylated α-syn in PD patients with and without cognitive impairment or dementia. While most of these studies have found no relationship between CSF α-syn and cognitive impairment (Hall et al. 2012; Kang et al. 2013; Yarnall et al. 2014) , given the pathological evidence of its role in the pathogenesis of PDD CSF α-syn has remained an appealing candidate biomarker. More recent studies have turned towards other biomarkers implicated in cognitive dysfunction. Levels of Neurofilament light chain (NFL) are elevated in the CSF of AD patients and correlate with degree of brain atrophy (Scherling et al. 2014) . Heart fatty acid-binding protein (HFABP) is elevated in patients with Lewy Body dementia (Wada-Isoe et al. 2008) and is thought to interfere with mitochondrial transport and oxidative function (Fournier et al. 1978) .
While these correlation studies provide promising evidence that CSF could be a useful biomarker of cognitive impairment in PD, disease-modifying treatments, such as anti-amyloid immunotherapies like monoclonal antibodies, are more likely to be successful if given before clinical symptoms of cognitive decline are manifest. Therefore, it is important to know whether these same biomarkers will have prognostic value in anticipating the progression of cognitive decline in patients with PD. In recent years, there have been an increasing number of publications investigating baseline CSF proteins in longitudinally followed PD patients. Here we undertake a systematic review of these longitudinal studies, specifically investigating the role of CSF biomarkers in predicting risk of cognitive impairment in PD.
Methods Information Sources/Study Search Strategy
We systematically searched PubMed, including MEDLINE, and Scopus, including Embase, for articles pertaining to CSF biomarkers, cognition, and Parkinson's Disease, for all publications through October 1, 2015. The MeSH and EMTREE vocabularies were used whenever possible, along with keyword variations of the CSF biomarkers and disease terms. The initial search was run in Pubmed without limits or restrictions and then translated to the other database. There were no search specifications for cognitive outcomes or tasks or longitudinal study design in the initial search given the myriad possible variations of these terms. The following search terms were used including all abbreviations: 'cerebrospinal fluid' (including 'CSF'), and 'amyloid-β' (including 'amyloid' or 'abeta' or 'Aβ42' or 'β-amyloid 1-42'), or 'α-synuclein' (including 'α-syn'), or 't-tau' (including 'total tau') or 'p-tau' (including 'phosphorylated at threonine' or 'phosphorylated tau') and 'Parkinson's Disease.' The combined yield of all searches was 347 citations. An additional search in Scopus removing qualifiers for specific proteins, with search terms denoting 'longitudinal' (including 'cohort' or 'follow-up' or 'long-term' or 'prospective') and 'cognition' yielded an additional 49 citations, of which 6 were identified as duplicates. The citations were exported into Endnote X7 (Thomson Reuters) and distributed to the two authors for screening.
Study Selection
We included a study if it satisfied the following criteria: human studies, in English, with full-text available (no conference proceedings, editorials, or abstracts only), that were focused on CSF biomarkers, assessed data longitudinally, and had some measure of cognitive impairment (Fig. 1) .
Data Collection and Extraction
Two reviewers (K.L., K.P.) independently evaluated each abstract for inclusion. Next, we obtained full publication for further assessment and data extraction. The same reviewers independently reviewed each article and reached a final consensus for inclusion. These reviews abstracted the information from the eligible articles: author, journal, year of publication, number of subjects and clinical characteristics of subjects, measures of cognitive impairment, CSF biomarker levels, and method of measurement of biomarkers. The various CSF biomarkers and cognitive impairment measures were the main areas of interest extracted from the included studies.
Assessment of Methodological Quality
Two reviewers (K.L., K.P.) independently assess the quality of each study according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) criteria (Moher et al. 2009 ).
Results

Study Selection
Numbers of studies screened, assessed for eligibility and included in the review, with reason for exclusion at each stage, are provided in the Figure 1 . The search yielded 370 literature citations for potential inclusion. The most common reason for exclusion was absence of longitudinal assessment methodologically (n=168). We excluded a total of 89 articles because they were review-based articles. 47 articles were not humanbased studies and 37 were not CSF-based studies. 10 were excluded as they did not have any measure of cognitive impairment. 7 were deemed not relevant by both reviewers and 4 were abstracts only. A total of 11 full text articles were assessed for eligibility, of which an additional 2 were excluded after further analysis revealed that they did not provide longitudinal data. A total of 9 studies were included in the qualitative synthesis.
Baseline Study Characteristics
The nine included studies were published between 2010 and 2015 (Tables 2 and 3 ). Four studies were performed in North America (Liu et al. 2015; Siderowf et al. 2010; Stewart et al. 2014; Terrelonge et al. 2015) and five studies in Europe (Alves et al. 2014; Backstrom et al. 2015; Compta et al. 2013; Hall et al. 2015; Parnetti et al. 2014) . The studies involved 1218 subjects diagnosed with Parkinson's disease (PD). PD diagnosis was made using Brain Bank (Alves et al. 2014; Backstrom et al. 2015; Liu et al. 2015; Parnetti et al. 2014; Siderowf et al. 2010; Stewart et al. 2014; Terrelonge et al. 2015; Compta et al. 2013) and National Institute of Neurological Disorder and Stroke (NINDS) (Alves et al. 2014; Hall et al. 2015 ) diagnostic criteria. Three out of the nine study cohorts included newly diagnosed PD patients, defined as average disease duration since diagnosis of 1.5 months, (Alves et al. 2014) , 7.0 months (Terrelonge et al. 2015) , and 16 months (Backstrom et al. 2015) . Two studies used the Deprenyl And Tocopherol Antioxidative Therapy Of Parkinsonism (DATATOP) cohort (Liu et al. 2015; Stewart et al. 2014 ). The DATATOP cohort was first assembled in 1987 to study the effectiveness of the monoamine oxidase type B inhibitor deprenyl and the antioxidant alpha-tocopherol in delaying PD progression (Steering 1989) . The cohort included 800 newly diagnosed non-demented and unmedicated PD patients who were followed longitudinally with clinical and biological data collected at follow up time points. The longitudinal data were separated into Phase 1 and (Folstein et al. 1975) , Rey Auditory Verbal Learning test (Schmidt 1996) , Boston Naming Test (Kaplan et al. 1983 Phase 2, as demarcated by the initiation of levodopa therapy. The two studies included in this review using the DATATOP cohort assessed data from Phase 1 (newly diagnosed and not yet on levodopa at baseline) and Phase 2 (average disease duration 3.8 years and just started levodopa at baseline). Of the remaining studies the average PD disease duration at baseline was 3 to 10 years, average 6.9 years (Compta et al. 2013; Hall et al. 2015; Parnetti et al. 2014; Siderowf et al. 2010) . Some assessment of cognitive function was obtained at baseline in all studies, and these assessments were used to identify a cohort of PD patients without cognitive impairment; however, the methods for determining whether patients exhibited baseline cognitive impairment differed greatly among studies. Parnetti et al. (2014) used the Mini-Mental state examination (MMSE), with an average score of 27 (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and the Montreal -Cognitive Assessment (MoCA), with an average score of . Backstrom et al. (2015) used only the MMSE, with an average score of 29 (no range provided). Hall et al. (2015) also only used the MMSE, with an average score of 29 (27-29). Terrelonge et al. (2015) used the PPMI cohort, which excluded PD patients if they had a Bclinical diagnosis of dementia^at baseline. Stewart et al. (2014) and Liu et al. (2015) used the DATATOP cohort, which excluded PD patients with MMSE score<23. Compta et al. (2013) used a Swedish cohort, which excluded PD patients with MMSE scores≤24. Siderowf et al. (2010) used a cohort with a baseline Mattis Dementia Rating Scale score of at least 133, citing a study that found a mean score of 133 for patients with PD without dementia (Llebaria et al. 2008) . Finally, Alves et al. (2014) used the clinical diagnosis of PDD to exclude dementia in their baseline cohort. Follow up time for all studies ranged from 1.5 to 9 years, average of 2.6 years (see Table 1 for details).
Neuropsychological Assessments
Each of the nine studies used different measures to assess cognition, which were administered both at baseline and at follow up. See Table 2 for details of cognitive assessments used in each study.
CSF Biomarkers Predicting Cognitive Decline
In all studies subjects had CSF obtained at baseline, which was then used to predict cognitive outcomes at follow up. We will discuss the findings for each of the CSF biomarkers studied, which is summarized in Table 4 .
CSF Biomarker Measurement Method
All of the studies either used xMAP Luminex platform (Luminex Corp, Austin, TX) or sandwich ELISA (Innogenetics, Ghent, Belgium) immunoassays to measure CSF biomarker levels. Given that α-synuclein concentrations 1.897 α-syn /t-tau, t-tau/Aβ42, p-tau/ Aβ42, p-tau/t-tau ratios Luminex and ELISA for α-syn t-tau Total tau, p-tau Phosphorylated tau, α-syn α-synuclein, Aβ42 amyloid beta, NFL Neurofilament Light Chain, HFABP Heart fatty acid-binding protein are mildly correlated with hemoglobin concentrations, samples of α-synuclein were either adjusted for CSF hemoglobin concentration (Backstrom et al. 2015; Stewart et al. 2014; Terrelonge et al. 2015) or samples with hemoglobin levels> 1000 ng/L were excluded (Hall et al. 2015) .
β-Amyloid 1-42 Peptide (Aβ 42 )
Eight of the nine studies assessed CSF Aβ 42 levels at baseline. There was uniform agreement in all but one study (Liu et al. 2015 ) that low baseline Aβ 42 levels in non-demented PD patients predicted the development of cognitive impairment at follow up. Low baseline CSF Aβ 42 was associated with various cognitive outcome measures, depending on the study. Three of the studies used the development of PDD, as defined clinically by consensus agreement among two neurologist specialized in movement disorders (Alves et al. 2014; Backstrom et al. 2015; Compta et al. 2013) . All three studies found that CSF Aβ 42 levels were significantly lower at baseline in patients who developed PDD at follow up as compared to a control group (p<0.005 in all three studies). The control groups were either healthy controls (Backstrom et al. 2015) or PD patients without cognitive impairment (Alves et al. 2014; Compta et al. 2013 ). Terrelonge et al. (2015) also assessed a global clinical outcome of BPD with Cognitive Impairment,â s defined by impairment on at least 2 of 6 neuropsychological tests greater than 1.5 standard deviation below mean scores derived from healthy controls. At 2-year follow up, 12.9 % of their cohort met criteria for cognitive impairment and this group had significantly lower baseline CSF Aβ 42 levels as compared to non-cognitively impaired PD patients (p<0.01).
Other studies looked at the rate of change over time on cognitive assessments and found that a faster rate of deterioration on certain cognitive tests correlated with baseline low CSF Aβ 42 levels. For instance, Siderowf et al. (2010) found that low CSF Aβ 42 significantly correlated with the annualized rates of decline on the DRS-2 (β=0.040). When using a cutoff value of CSF Aβ 42 ≤192 pg/ml, patients below that value declined an average of 5.85 points more quickly than those above that value (p=0.002). Similarly, Hall et al. (2015) found that patients with lower CSF Aβ 42 levels had a faster rate of decline on cognitive assessments. They dichotomized their cohort using a cutoff value of CSF Aβ 42 ≤550 pg/ml and found that patients below this level had a more significant deterioration in delayed memory recall (as assessed by the ADAS-cog score) at 2-year follow up (p=0.002). Parnetti et al. (2014) found that lower baseline CSF Aβ 42 significantly correlated with lower scores on the MMSE and MoCA at 3-year follow up (r=−0.52, p<0.001 for MMSE, r=−0.45, p<0.01 for MoCA). The range of Aβ 42 across studies was 224-730 pg/ml.
Total tau Protein (t-tau) and Phosphorylated tau (p-tau)
All but one study (Stewart et al. 2014 ) assessed CSF levels of t-tau. Surprisingly, none of the studies found a significant correlation between baseline levels of t-tau and measures of cognitive impairment at follow up. The range of t-tau levels was 40.9-422 pg/ml. These same studies also assessed levels of p-tau and only one found a significant correlation between higher baseline p-tau and rate of cognitive decline on certain neuropsychological assessments at follow up (Liu et al. 2015 ). While cognitive decline over time was observed in the entire cohort, in those with higher CSF p-tau levels at baseline there was a significantly faster annualized rate of decline on the Selective Reminding Test-Total (r=−0.122, p<0.002) and Symbol Digit Modalities Test (r=−0.219, p<0.0001). Interestingly, this relationship was only found in the Phase 2 study (average disease duration 3.8 years), and not in Phase 1 (newly diagnosed, drug naïve). The range of CSF p-tau was 14.9-59 pg/ml.
α-Synuclein
Four of the nine studies assessed α-syn levels at baseline (Backstrom et al. 2015; Hall et al. 2015; Stewart et al. 2014; Terrelonge et al. 2015) . Hall et al. (2015) found that higher levels of baseline α-syn were significantly correlated with worsening cognitive speed as measured by A Quick Test of Cognitive Speed at 2 year follow up (r=0.373, p<0.007). Stewart et al. (2014) looked at the inverse and found that low CSF α-syn predicted preservation of cognitive function at follow up as measured by Selective Reminding Test-Total and Delayed and New Dot Test (r=−0.124, r=−0.051, and r= −0.032, respectively; all p < 0.002). By contrast, neither Backstrom et al. (2015) nor Terrelonge et al. (2015) found any relationship between high baseline α-syn and development of PDD or PD with cognitive impairment at follow up. The range of baseline CSF α-syn was broad: 0.47 to 720 ng/ml.
Other CSF Markers and Ratios Assessed
In addition to Aβ 42 , t-tau, p-tau, and α-syn, both Backstrom et al. (2015) and Hall et al. (2015) also measured levels of Neurofilament Light Chain (NFL). Whereas Backstrom et al. (2015) found high NFL at baseline significantly predicted the development of PDD at follow up (p<0.001), Hall et al. (2015) did not find a significant relationship between high NFL and rate of decline over time on cognitive assessments. The baseline level of NFL in the Backstrom et al. (2015) cohort was 1201 pg/ml, whereas it was 900 pg/ml in the Hall et al. cohort (2015) . Backstrom et al. (2015) additionally assessed Heart fatty acid-binding protein (HFABP). They found that high levels at baseline significantly predicted the development of PDD at follow up (p<0.001).
There were numerous CSF protein ratios assessed in an attempt to use combined CSF biomarkers to find stronger correlations with outcome measures. Of these, Parnetti et al. (2014) was able to find a significant correlation between a low Aβ 42 /t-tau ratio and increased rate of decline on the MMSE (p<0.05), but this did not correlate significantly with decline on the Montreal -Cognitive Assessment. Liu et al. (2015) found that a high p-tau/Aβ 42 ratio significantly correlated with a faster rate of decline only on the Selective Reminding TestTotal and Symbol Digit Modalities Tests (p<0.0001) during the Phase 2 study. None of the other ratios assessed had predictive value (see Table 2 ).
Discussion
This current systematic review reinforces the evidence that baseline levels of certain CSF biomarkers may add critical information to assessing the risk of progression to cognitive impairment in non-demented PD patients. Specifically, the majority of studies suggest the strongest predictive biomarker of future cognitive impairment is low baseline CSF Aβ 42 . In addition, these studies suggest there may also be a role for other CSF biomarkers, including tau (total and phosphorylated), α-syn, NFL, and HFABP. The identification of biomarkers that precede the development of PD-MCI or PDD is important given the emergence of potential diseasemodifying therapies, such as anti-amyloid immunotherapies like monoclonal antibodies as discussed below. Taken together, PD patients without cognitive impairment, but with a 'pathological' CSF profile at baseline might be at increased risk for the development of cognitive impairment, and thus represent a potential group for intervention, either from a clinical or research perspective.
CSF Aβ 42 is Predictive of Cognitive Decline in non-Demented PD Patients
Our systematic review suggests a convergence of evidence that low baseline CSF Aβ 42 is predictive of cognitive decline in non-demented PD patients. This was true across most studies regardless of baseline study characteristics (Table 1) . Notably, low CSF Aβ 42 was predictive of cognitive decline for both newly diagnosed PD patients as well as PD patients who were over a decade out from initial diagnosis (Compta et al. 2013 ). This finding was also seen for follow up times ranging from 0.3 years to 9 years, and was consistent in studies using either the xMAP Luminex or ELISA assay methods. Finally, this was seen despite a large variability in outcome measures, including type and range of cognitive assessments used and clinical definitions of cognitive impairment or decline. However, given that only nine studies met inclusion for this review, the relationship between baseline low Aβ 42 and worse cognitive outcomes should be viewed with caution and warrants further validation across different PD populations. Specifically, since none of the studies included genetic data other than Apolipoprotein E (Siderowf et al. 2010; Stewart et al. 2014; Liu et al. 2015) this relationship should be investigated further in patients with known genetic risk polymorphisms. In addition, because studies did not use consistent neuropsychological batteries or even tests within the same cognitive domains, there was not enough data to determine if baseline CSF Aβ 42 was predictive of all types of cognitive decline or more predictive of decline in specific domains, like episodic memory. Future longitudinal studies of PD cognitive impairment should strive to include broad testing across cognitive domains (Litvan et al. 2012) , and ideally use agreed upon cognitive batteries to further decipher this important issue.
The one study that was unable to find a relationship between low CSF Aβ 42 and future cognitive impairment did find a correlation between the ratio of p-tau/Aβ 42 and subsequent decline on cognitive measures (Liu et al. 2015) . One explanation for the absence of predictive value of CSF Aβ 42 alone may be that the baseline CSF Aβ 42 level in their cohort was among the lowest of all studies included (Aβ 42 232 pg/ml compared to range of all studies 224-730 pg/ml). This study looked at the correlation between changes in CSF proteins and decline in cognitive test performance. Possibly, CSF Aβ 42 levels at baseline had already declined such that there was a floor effect and further decreases over time did not register a discernable change. Going forward, CSF Aβ 42 levels may have a stronger predictive effect when used as a dichotomous cutoff indicating a Blow^value, as has been suggested in AD (Shaw et al. 2009 ), although further work is needed to determine the most predictive cutoff value. Furthermore, whereas Liu et al. (2015) was able to find a predictive effect when combing Aβ 42 levels into a ratio with p-tau, possibly implicating p-tau as a predictive marker, this effect was not replicated by Terrelonge et al. (2015) , who found no correlation between the ratio of p-tau/Aβ 42 and the development of PDD at follow up. This latter finding is consistent with the results of the other studies as detailed below suggesting p-tau as a poor predictive marker for subsequent cognitive decline.
Lastly, a possible explanation for the particularly low baseline CSF Aβ 42 in the DATATOP cohort could be if tubes made of glass or polystyrene, as opposed to polypropylene, ever came into contact with the CSF prior to analysis. It is now appreciated that polystyrene has a very high affinity for proteins, and Aβ 42 in particular; even a very short exposure of samples to this material can bind proteins, leaving concentrations of proteins lower in the remaining fluid (Bjerke et al. 2010) . Given this and other causes of variability during quantification of CSF proteins (Brit Mollenhauer et al. 2015) , future studies should employ standardized protocols to minimize confounding factors that could emerge during CSF collection or analysis.
CSF tau is not Predictive of Cognitive Decline in non-Demented PD Patients
Previously, CSF tau levels have been looked at with great interest in PD, given the numerous studies showing tau tangles in up to 50 % of patients with PDD as well as the evidence that CSF tau levels are predictive of progression to MCI and AD (Ewers et al. 2012) . In PD, several cross-sectional studies have shown high levels of CSF tau in patients with PDD, as compared to non-demented PD (Compta et al. 2009; B. Mollenhauer et al. 2006; Montine et al. 2010; Vranova et al. 2014) . Furthermore, one longitudinal study found that CSF ratios of p-tau/tau and p-tau/Aβ 42 at baseline correlated with progression of motor symptoms in PD (Zhang et al. 2013) . However, in this review, there is little evidence that CSF levels of t-tau or p-tau are useful predictors of future PD cognitive impairment. Only Liu et al. (2015) was able to correlate higher levels of p-tau at baseline (but not t-tau) with an increased rate of cognitive decline at follow up, and this finding was only in CSF taken at the beginning the Phase 2 study when patients started taking levodopa (duration mean±SD 3.82±1.58, range 1-8 years), not Phase 1 (duration mean±SD 1.99±1.33, range 0-6 years). This predictive effect was also only for a small subset of the cognitive assessments administered (Selective Reminding Test-Total and Symbol Digit Modalities Tests). All of the other studies in this review failed to show a relationship between t-tau or p-tau with any follow up cognitive measures. Moreover, Siderowf et al. (2010) found that adding t-tau or p-tau in combined metric with Aβ 42 actually diminished the predictive effect. This information is useful for researchers with limited resources and suggests that future studies may benefit from investing in other CSF biomarkers when looking for positive predictors of cognitive decline in early PD patients.
Limitations in Biomarker Predictive Ability
It is important to make the distinction between the ability of a biomarker to reflect a disease state or pathology and the ability to predict a future clinical change or outcome. The clinical heterogeneity in the progression of cognitive impairment in PD makes this distinction especially challenging. Whereas most patients will eventually develop dementia, up to 20 % can go decades with only mild cognitive changes (Hely et al. 2008) . This becomes relevant when comparing the data from prior cross-sectional studies with longitudinal studies. It is likely that the levels of CSF biomarkers do not follow a linear projection over time and may vary as the burden of pathology progresses in the brain. The accumulation of amyloid plaques and concomitant decrease in CSF Aβ 42 is likely one of the earliest events in the pathogenesis of cognitive impairment in PD and consequently precedes the onset of clinical dementia. Therefore, as is shown within this review, CSF Aβ 42 levels serve as a predictive marker across studies despite time from diagnosis and disease duration. Conversely, it is thought that CSF tau levels may rise only after extensive neuronal damage has occurred and the development of PDD is clinically evident. As such, this might explain why CSF tau levels do not appear to prove useful as predictive markers even if pathological levels represent a diseased state. Such temporal considerations should be taken into account when hypothesizing predictive effects for other CSF biomarkers.
Considerations of Other CSF Biomarkers
Although several other biomarkers have shown an association with cognitive impairment in cross-sectional studies, the results in the reviewed longitudinal studies were mixed for the majority of candidates. Only a small subset of studies assessed other CSF biomarkers, such as α-syn, NFL, and HFABP. There may be some evidence that high CSF levels of these proteins may predict progression to cognitive impairment, but outcomes are inconsistent. For example, whereas two studies found a correlation between high baseline levels of α-syn and an increased rate of decline on certain cognitive measures at follow up (Hall et al. 2015; Stewart et al. 2014) , two other studies were unable to show that higher levels of a-syn at baseline were predictive either PDD or PD with CI (Backstrom et al. 2015; Terrelonge et al. 2015) . Similarly, while one study found that high CSF NFL levels at baseline was predictive of PDD at follow up (Backstrom et al. 2015) , another study found no correlation between elevated CSF NFL and rate of decline on cognitive measures (Hall et al. 2015) . There was one study that investigated of CSF levels of HFABP (Backstrom et al. 2015) . In their cohort, CSF levels of HFABP at baseline predicted development of PDD at follow up. However, more studies are needed. Lack of consistency may be due to a number of factors, including laboratory methodology, patient cohort characteristics, variability of outcome measures, including type and range of cognitive assessments used, and clinical definitions of PDD.
Emerging Therapies for Amyloid Accumulation in Neurodegenerative Disease
The ability to predict progression to cognitive impairment in PD is important given the ongoing interest in developing molecularly-targeted disease-modifying therapies in neurodegenerative diseases (Rafii and Aisen 2015) . For instance, amyloid accumulation is integral to the pathogenesis of AD, and recent trials have looked at treatment with anti-amyloid immunotherapy using monoclonal antibodies, such as Solanezumab, Crenezumab, and Gantenerumab . These antibodies bind to Aβ and work to either prevent aggregation or accelerate removal. In Phase II trials these antibody therapies failed to show overall difference between treatment and placebo on primary cognitive outcome measures. However, many believe these studies failed because they used a pooled analysis of all patients, including those with advanced disease who were not as likely to benefit from disease-modifying effects. Indeed, some of these studies trended towards significance when looking at sub-group analysis at mild, early AD (Doody et al. 2014) . From this, a number of clinical trials have turned their attention towards preclinical AD, or those defined as high risk for the development of AD (either by genetic risk profile or amyloid biomarkers), but without cognitive impairment at time of treatment. There are currently four clinical trials ongoing for the secondary prevention of AD dementia in high risk, but asymptomatic patients. The Anti-Amyloid in Asymptomatic Alzheimer's (A4) is a Phase III study comparing solanezumab with placebo (Sperling et al. 2012 ). The Dominantly Inherited Alzheimer's Network -Therapy Unit (DIAN-TU) trial includes preclinical AD patients who harbor high-risk mutations and will be randomly assigned to receive one of three investigational drugs, while non-carriers will receive placebo (Morris et al. 2012 ). Finally, the Alzheimer's Prevention Initiative has two trials. One, the Autosomal Dominant Alzheimer's Disease (API-ADAD) trial, is studying crenezumab in preclinical PSEN1 E280A mutations carriers, and the other, the ApoE4 (API-APOE4) trial, will test two investigational drugs in preclinical AD patients who are homozygous for apolipoprotein E4 (Tariot et al. 2014) .
By contrast, the role of amyloid accumulation in the development of PD cognitive impairment is complex. AD-type pathology, with Aβ plaques and tau tangles, are found in up to 50 % of PDD patients at autopsy ). However, it is possible that amyloid deposition alone, independent of tau pathology, could hasten the development of PD cognitive impairment. For instance, a recent review found while PD patients had PET Aβ deposition that was below AD thresholds, there was still a correlation between these lower than AD-range levels of neocortical Aβ and poor cognitive function (Lin and Wu 2015) . The longitudinal data discussed in this review appear to agree that PD patients with low CSF Aβ 42 , and thus presumed neocortical Aβ deposition, are indeed at increased risk for progression to cognitive impairment. Further studies with combined CSF Aβ 42 and amyloid PET imaging, with longitudinal follow up, are needed to confirm this presumption. Nevertheless, PD with a high likelihood of amyloid pathology, as shown with low CSF Aβ 42, could be an ideal target for the same anti-amyloid immunotherapies currently being tested in preclinical AD. The ability to accurately identify these patients is of utmost importance in providing early disease-modifying therapies that could potentially prevent or slow progression of cognitive decline.
Future Directions
Lastly, CSF biomarkers are only one of multiple other types of biomarkers under ongoing investigation. It is likely that genetics, brain network connectivity, and biochemical changes all contribute to cognitive dysfunction in PD (B. Mollenhauer et al. 2014) . Predicting risk of cognitive decline will likely best be assessed using a combination of biomarkers, such as gene identification, blood markers, and imaging modalities like functional MRI or PET. These could be further combined with demographic and clinical risk factors to identify those patients at highest risk for PDD as early as possible in their disease. This would be invaluable to the initiation of early treatment and clinical management of this devastating symptom.
